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a b s t r a c t
We studied the Caenorhabditis elegans anal depressor development in larval males and hermaphrodites
to address how a differentiated cell sex-speciﬁcally changes its morphology prior to adulthood. In both
sexes, the larval anal depressor muscle is used for defecation behavior. However in the adult males, the
muscle’s sarcomere is reorganized to facilitate copulation. To address when the changes occur in the anal
depressor, we used YFP:actin to monitor, and mutant analysis, laser-ablation and transgenic feminization
to perturb the cell’s morphological dynamics. In L1 and L2 stage larva, the muscle of both sexes has
similar sarcomere morphology, but the hermaphrodite sex-determination system promotes more
growth. The male anal depressor begins to change in the L3 stage, ﬁrst by retracting its muscle arm
from the neurons of the defecation circuit. Then the muscle’s ventral region develops a slit that
demarcates an anterior and posterior domain. This demarcation is not dependent on the anal depressor’s
intrinsic genetic sex, but is inﬂuenced by extrinsic interactions with the developing male sex muscles.
However, subsequent changes are dependent on the cell’s sex. In the L4 stage, the anterior domain ﬁrst
disassembles the dorsal-ventral sarcomere region and develops ﬁlopodia that elongates anteriorly
towards the spicule muscles. Later, the posterior domain dissembles the remnants of its sarcomere, but
still retains a vestigial attachment to the ventral body wall. Finally, the anterior domain attaches to the
sex muscles, and then reassembles an anterior–posteriorly oriented sarcomere. Our work identiﬁes key
steps in the dimorphic re-sculpting of the anal depressor that are regulated by genetic sex and by cell–
cell signaling.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The developmental mechanisms that transform genotypic sex
into sexual dimorphic structures vary between species. In some
species, the sex determination mechanism induces sex differential
hormone signaling, which in turn exert effects on the morphogen-
esis of sex-speciﬁc structures. In mammals, the Sry gene is
expressed from the Y chromosome. The SRY protein induces testis
development (Koopman et al., 1991), and the testicular hormones
promote the masculinization of the embryo (Can et al., 1998; Eddy
et al., 1996; Imbeaud et al., 1996). In other species, a hierarchy of
sex determination molecules acts in conjunction with hormone
signaling to contribute to the sexual dimorphic development. How
the sex determination signal is transformed into cellular events to
promote sexually dimorphic development has been studied thor-
oughly in Caenorhabditis elegans. In C. elegans, the activities of the
sex determination proteins are sex-regulated (de Bono et al., 1995;
Hodgkin, 1987, 1988). The activity level of those proteins triggers
sex differential cellular events, which lead to the morphogenesis of
sex-speciﬁc structures.
C. elegans naturally exists as either a hermaphrodite or a male,
which are morphologically and behaviorally different. The sexual
dimorphism can arise from cells that are derived from sex-speciﬁc
cell divisions, migration, differentiation and apoptosis events. It
also arises from sex common cells, which superﬁcially look similar
between the two sexes, but display different functional properties
(Lee and Portman, 2007; Mowrey et al., 2014; Reiner and Thomas,
1995; White and Jorgensen, 2012; White et al., 2007).
The initial sex determination signal comes from the sex chromo-
some/autosome ratio (X:A), with X:A¼0.5 determining the male
fate, and X:A¼1 determining the female fate. Depending on the
chromosome/autosome ratio, a cascade of sex determination pro-
teins differentially interacts with each other to regulate the activity
of the terminal regulator, TRA-1 (de Bono et al., 1995; Hodgkin,
1987, 1988). In the hermaphrodites, TRA-1 is active, whereas in the
male, the TRA-1 activity is suppressed by the upstream male sex
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determination pathway proteins. TRA-1 functions as a transcription
factor that enters the nucleus to promote hermaphrodite develop-
ment and repress male development (Hodgkin, 1987; Hunter and
Wood, 1990).
TRA-1 mediates sexual dimorphism through the activation or
repression of critical regulators for cell metabolism, migration or
proliferation events. One of TRA-1’s functions is to differentially
activate the programmed apoptosis regulators in the males or the
hermaphrodites. For example, the HSN neurons are egg-laying
promoting neurons that exist only in the hermaphrodites. They are
generated during embryonic development in both sexes, but die in
the male (Sulston and Horvitz, 1977; Sulston et al., 1983). The
female sex determination mechanism prevents apoptosis in the
hermaphrodite HSNs by repressing the cell death activator gene,
egl-1 (Conradt and Horvitz, 1999). In contrast, to trigger the
programmed cell death of the male speciﬁc CEM neurons in the
hermaphrodites, TRA-1 functions to suppress the apoptosis inhi-
bitor CEH-30 (Peden et al., 2007; Schwartz and Horvitz, 2007).
Cell fusion and migration can also be regulated differentially to
promote sexually dimorphic development. This occurs in the
development of the dimorphic tail. Before the L4 larval stage, both
the hermaphrodites and males possess a tapered tail. However,
during L4 development, the male tail tip cells fuse and migrate
anterior-dorsally (Nguyen et al., 1999). As a result, the adult male
tail has a blunt-ended shape. The DM protein, dmd-3, functions in
the male tail to promote tail tip cell fusion and migration. The
female sex determination pathway blocks the process by repres-
sing the DMD-3 activity in the hermaphrodite tail. Transforming
the female sex determination pathway into a male one will trigger
tail tip retraction in the XX pseudo-males (Mason et al., 2008).
Therefore, the sex determination pathway plays an essential role
in switching the tail remodeling program to be on in males and off
in hermaphrodites.
Sexual dimorphic structures are more commonly generated by
differential cell speciﬁcation, followed by division, migration and
differentiation. The B, F, U, Y and M cells display male-speciﬁc cell
lineages, which give rise to the copulatory structures in the male
tail. In both sexes, the B cell is born as a single cell in the tail region
(Sulston et al., 1980). During the L1 stage, the male B cell under-
goes an asymmetrical cell division (Sulston et al., 1980) and in later
larval stages ultimately produces the spicules, spicule-associated
neurons, proctodeum and post-cloacal sensilla neurons (Sulston et
al., 1980). In the hermaphrodites, the B cell remains as a single cell.
The detailed mechanisms that promote the male B cell to enter the
cell cycle and undergo differentiation have not been determined.
In contrast, the M cell descendants undergo distinct cell divisions
and migration in the two sexes, to produce the different repro-
ductive muscles. In the hermaphrodite, the M. vlpaa and M. vrpaa
descendants of the M cell migrate to the vulva region and divide to
give rise to the uterine and vulva muscles (Sulston and Horvitz,
1977). Whereas in the male, M.dlpaa, M. dlpap, M. drpaa, M. drpap,
in addition to M. vlpaa and M. vrpaa, migrate to the tail region to
produce the male-speciﬁc sex muscles (Sulston et al., 1980).
Finally, gender common neurons and muscles can alter their
morphology and/or function during the last stage of larval devel-
opment to produce sexually distinctive cells in the adults. The
alterations can be subtle, so that no obvious anatomical difference
can be detected. For example, the modulation of the neural and
muscular locomotion circuit activity contributes to the difference
in locomotor behavior between the males and the hermaphrodites
(Mowrey et al., 2014). Similarly, the functional difference in
sensory neurons leads to the sexually distinctive olfactory and
gustatory preference behaviors (Lee and Portman, 2007; White
and Jorgensen, 2012; White et al., 2007). In contrast, the altera-
tions can also be radical, so that the adult cells display a distinct
morphology, as-well-as function. The male sphincter muscle and
the anal depressor muscle follow this developmental path to
generate the two sexually dimorphic muscle cells.
The anal depressor is a single muscle cell located in the tail
region just above the anus (Thomas, 1990). It has two symme-
trically arranged attachments, the left and right attachments,
which are connected by a horizontal band of sarcoplasm (Bird
and Bird, 1991). From the transverse view, it is an H-shaped cell
(Fig. 1A) with the nucleus located inside the sarcoplasm (Bird and
Bird, 1991; Thomas, 1990). In the hermaphrodite, each of the left
and right attachments consists of a single vertical sarcomere (Bird
and Bird, 1991). The sarcomere is dorsally attached to the dorsal
hypodermis, and ventrally to the dorsal epithelium of the rectum
(Bird and Bird, 1991; Thomas, 1990). The anal depressor contrac-
tion promotes the opening of the rectum, and therefore it func-
tions as a defecation muscle in the hermaphrodites (Reiner and
Thomas, 1995; Thomas, 1990). The anal depressor is connected to
the defecation circuit by extending a muscle arm into pre-anal
ganglion and forming neural muscular junctions with the defeca-
tion neuron, DVB (Beg and Jorgensen, 2003; White et al., 1986).
In larval males (L1–L3), the anal depressor possesses similar
architecture and function as the hermaphrodite anal depressor
(Reiner and Thomas, 1995; Sulston et al., 1980). However during L4
development, the male anal depressor undergoes a radical remo-
deling process and alters the ventral attachment from the rectum
to the dorsal spicule protractor muscles (Jarrell et al., 2012; Sulston
et al., 1980; Sulston and Horvitz, 1977). In addition, the connec-
tome of the adult male anal depressor indicates that the neuro-
muscular junction with DVB is lost and the muscle makes novel
connections with the SPC neurons of the male mating circuit
(Jarrell et al., 2012; Sulston et al., 1980).
The remodeling of the male anal depressor is accompanied by
the morphogenesis of the male copulatory structures (Sulston
et al., 1980). During the L4 larval stage, the developing copulatory
spicules are anterior-posterioly slanted inside the spicule channel
(Sulston et al., 1980). The spicule protractor muscles lay down
adhesion molecules (hemidesmosomes) for attachment to the
spicules. During mating, the spicule protractor muscles contract
to facilitate the spicules’ extrusion out of the male tail (Jarrell et al.,
2012). The reorganized anal depressor functions as the auxiliary
spicule protractor muscle in the adult male to promote the
penetration of the hermaphrodite vulva (Garcia et al., 2001;
Jarrell et al., 2012; Liu et al., 2011; Sulston et al., 1980).
In this report, we characterized the series of developmental
events that lead to the sex-speciﬁc cytoskeletal reorganization of a
muscle cell. By altering the male-speciﬁc sexual determination
mechanism into a female one, we were able to suppress most of
the remodeling events in the male anal depressor. Some of the
male speciﬁc behaviors of the anal depressor cannot be repressed
by the female sex determination mechanism. Through laser-
ablation analyses, we found that those changes were induced by
interactions with the developing male sex muscles. Our ﬁndings
indicate that the remodeling of the anal depressor is directed by
sex-speciﬁc cell autonomous processes, in conjunction with cell–
cell interactions.
Results
The male anal depressor is distinct from the hermaphrodite anal
depressor early from after L1 stage
During the L4 larval stage, the male anal depressor muscle
undergoes sex-speciﬁc remodiﬁcation to change its function into
an adult copulation muscle (Garcia et al., 2001; Jarrell et al., 2012;
Reiner and Thomas, 1995; Sulston et al., 1980). Prior to the obvious
dimorphic remodeling, the larval male and hermaphrodite anal
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depressor are morphologically similar and do not exhibit obvious
differences in function during defecation behavior. We ﬁrst asked if
the anal depressor of pre-L4 larval males and hermaphrodites is
neuter, or does it undergo subtle dimorphic changes during early
larval development.
To visualize the changes in the anal depressor’s morphology and
in particular, the sarcomere, we used the unc-103E and exp-1
promoters to express YFP fused to the actin genomic sequence.
In both sexes, the unc-103E promoter drives expression in the anal
depressor, sex muscles and some head neurons (Gruninger et al.,
2006). We used the construct to monitor alterations in the neigh-
bouring cells, in conjunction with changes in the anal depressor.
However in some animals, sequences contained within the actin
genomic sequence promoted sporadic expression in some tail
neurons. To differentiate the anal depressor’s morphological changes
from the neighbouring sex muscle cells, we also used the exp-1
promoter, which restricted YFP:actin expression to the anal depres-
sor and the intestinal muscles of both sexes. Both promoters allowed
us to visualize cytoplasmic structures throughout the male and
hermaphrodite lifespan (Beg and Jorgensen, 2003; Gruninger et al.,
2006). To obtain a complete image of the sarcomere structure, we
took series of confocal images ranging from the left lateral side to
the right; this is because the sarcomere is not completely parallel to
the lateral side (Fig. 1A). We then combined the stacks to assemble a
ﬂattened image of the cell’s shape and the sarcomere (Fig. 1A and B),
so that parameters such as the sarcomere’s length and width can be
measured. We presented an image of a single side to represent the
anal depressor morphology at each stage (Figs. 1C–G and 2A–I),
since the left and right attachments of the male and hermaphrodite
anal depressor were symmetrical throughout development (Figs. 1I
and 2L).
As early as after the L1 stage, we observed a quantitive growth
difference between the hermaphrodite and male anal depressor.
The hermaphrodite anal depressor has been shown to maintain
the sarcomere throughout the animal’s lifespan (Thomas, 1990).
As expected, we found that the hermaphrodite larva’s sarcomere
expanded both anterior-posteriorly and dorsal-ventrally (Fig. 1C–G).
To quantify this change, we measured the rectangular anal depres-
sor sarcomere’s dorsal width, since the width determines how
much of the rectum that the anal depressor can lift. We then
compared this metric between the different larval and adult stages.
We found that for the hermaphrodite anal depressor, anterior–
posterior expansion steadily occured throughout development
(Fig. 1H).
Fig. 1. Morphological changes of the hermaphrodite anal depressor. (A) A 3D model of the adult hermaphrodite anal depressor. The anal depressor model was made from
stacks of images taken from the left to the right lateral side. The images were reconstructed as a 3D image and rotated to be a lateral-transverse view. The anal depressor is an
H-shaped cell with two attachments symmetrically positioned at the left and right side. The left and right attachments are attached to the dorsal hypodermis and ventrally
attached to the rectum. (B) Cartoon for the hermaphrodite anal depressor viewed from the lateral side. The arrow indicates the H zone. The H zone is the gap between the
two arrays of actin ﬁlaments (greenish blue lines) within a single sarcomere. The double arrows indicate the dorsal width that was measured in H and I. (C–G) Lateral views
of the anal depressor in a: late L1 (C), late L2 (D), mid-L3 (E), mid-L4 (F) and an adult (G) stage hermaphrodite. All the animals expressed the transgene rgEx497 [Punc-103E:
YFP::actin]. The arrow in (G) indicates the H zone. For each of the images shown, the ﬂuorescent staining indicates the actin ﬁlaments. The dark band in between the two
arrays of actin ﬁlaments indicates the H zone. Within a single sarcomere, the H zone is the myosin region that does not overlap with the actin ﬁlaments. (H) Growth
dynamics of the dorsal attachment of the anal depressor in hermaphrodites. Each dot is the mean value of the dorsal width of the left and right attachments of a single
animal. Mean7SD is indicated. The p value was calculated using one-way ANOVAwith the Bonferroni’s Multiple Comparison Test. (I) Comparisons of the dorsal width of the
hermaphrodite anal depressor’s left and right attachments at different larval stages. Mean7SD is indicated. The p value was calculated using one-way ANOVA with the
Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). All the pictures are positioned as the anterior to the left and ventral to the bottom. For all of the images, the
scale bar represents 10 mm.
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In contrast to the hermaphrodite, the male anal depressor
displayed retarded growth dynamics. From L1 to mid-L3, the male
anal depressor morphologically resembled the larval hermaphro-
dite anal depressor, maintaining the dorsal attachment on the
dorsal hypodermis and the ventral attachment on the rectum
(Fig. 2A–C and A0–C0). But unlike the hermaphrodite muscle, we
observed that the anal depressor growth was static between late
L1 to mid-L2 stage. We measured some anterior–posterior growth
during mid-L2 to mid-L3 stage (Fig. 2K); however, the average
expansion magnitude was much smaller compared to the her-
maphrodite (po0.001, unpaired t test) (Figs. 1H and 2K). At every
stage we measured, the male anal depressor was thinner than the
hermaphrodite’s (mid-L2, po0.01; mid-L3, po0.0001; early L4,
po0.0001; unpaired t test). After mid-L3, the dorsal width of the
male anal depressor qualitatively decreased (Fig. 2K). Therefore,
sex differences in the anal depressor development occur after L2
and persist throughout L1 to L3 stage animals.
During L4 development, the male anal depressor moves its
ventral attachment to the spicule protractor muscles and reorganizes
the sarcomere to run anterior-posteriorly. However, the details
concerning cell interactions, timing, whether the sarcomere is
disassembled and reassembled simultaneously or sequentially were
unknown. To address these questions, we identiﬁed the sarcomere
reorganization events that occur during the L4 larval stage. During
late L3 development, we observed that a ventral slit was formed at
the ventral rectal attachment, demarcating the anal depressor into
anterior and posterior domains (Fig. 2D). At around 40 h mid-L4, the
anterior domain moved dorsal-anteriorly towards the developing
dorsal spicule protractor muscles (Fig. 2E and J). The trans-located
anterior domain at this time (40 h) maintained the sarcomere
structure. The sarcomere in the posterior domain was still intact
and was ventrally attached to the rectum. At around 41 h (Fig. 2F),
the interface between the anal depressor’s anterior domain and
the dorsal protractor muscles expanded. The old sarcomere in the
dorsal column of the anterior domain disassembled, and the actin
ﬁlaments began to reform anterior-posteriorly (Fig. 2F). At around
42 h late L4 stage, the sarcomere contained within the posterior
domain began to also disassemble and eventually, the posterior
Fig. 2. Morphological changes of the male anal depressor. (A–I) Lateral views of the male anal depressor at: late L1 (A), mid-L2 (B), mid-L3 (C), 37 h early L4 (D), 40 h mid-L4
(E), 41 h mid-L4 (F), 42 h late L4 (G), 43 h late L4 (H) and adult (I) stage. The arrow in (D) indicates the ventral slit formed between the anterior and posterior domains.
The arrow in (F) indicates that the actin ﬁlaments contained in the anterior domain are migrating dorsal-anteriorly in the mid-L4 stage male anal depressor. The arrow in
(G) indicates a reduced H zone in the posterior domain. The arrow in (I) indicates the H zone in the newly-established sarcomere in the ventral attachment of the anterior
domain. All the animals imaged carry the transgene rgEx497 [Punc-103E:YFP::actin] except (F) rgEx602 [Pexp-1:YFP::actin]. (A0–I0) Cartoons for the anal depressors in (A–I).
The actin thin ﬁlaments that are contained within the sarcomere for L1 to L3 stages are indicated as greenish blue lines (A0–C0). For L4 and adult stages (D0–I0), the actin
ﬁlaments contained within the anterior domain are highlighted with a red background; and the posterior domain background is uncolored. (J) A ﬂatten 3D reconstructed
stack of a ﬂuorescing mid-L4 anal depressor and developing dorsal and ventral protractor muscles. The ﬁlopodia from the anterior domain of the anal depressor (arrow) is
shown extending towards the dorsal protractor muscle cell, whose nuclei is indicated (arrow head). (K) Growth dynamics of the male anal depressor’s dorsal attachment.
Each dot is the mean value of the dorsal width of the left and right attachments for each animal. Mean7SD is indicated. The p value was calculated using one-way ANOVA
with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). (L) Comparisons of the dorsal width of the male anal depressor’s left and right attachments at different
larval stages. Mean7SD is indicated. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). (A–I) and
(J) are positioned as the anterior to the left and ventral to the bottom. For all of the images, the scale bar represents 10 mm.
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domain atrophied due to the reduction of actin ﬁlaments (Fig. 2G and
H). The actin ﬁlaments, which have been repositioned to the ventral
part of the anterior domain, were reassembled to establish a novel
anterior posterior-oriented sarcomere (Fig. 2I). Therefore during the
reorganization period in L4, only the anterior domain of the male
anal depressor migrates from rectum to the spicule protractor
muscles. The sarcomere disassembly occurs in a stepwise fashion,
with anterior domain disassembling prior to the posterior domain.
The majority of the male remodeling events are controlled
cell-autonomously by the male sex determination mechanism
The similar morphology between the larval male and hermaph-
rodite anal depressor led us initially to believe that the early larval
anal depressor was neuter. However, the differences in the anal
depressor growth rate suggested that the male anal depressor
development might be regulated earlier than the mid-late L3
stage. Previous studies showed that sexual dimorphic develop-
ment can either be regulated by the innate sex determination
mechanism (Conradt and Horvitz, 1999; Ross et al., 2005), or
induced non-autonomously by communication with neighboring
sex-speciﬁc cells (Hunter et al., 1999). To identify which aspect of
the male anal depressor development was controlled by a cell
autonomous mechanism, and which might be regulated by the
neighboring male-speciﬁed cells, we transgenically expressed a
feminizing factor in the anal depressor, and asked if and what
male remodeling events were altered.
To transform the anal depressor’s sexual identity, we expressed
an intracellular fragment of TRA-2 in the male anal depressor
using the exp-1 promoter (Beg and Jorgensen, 2003). In the
somatic cells of hermaphrodites, the X:A chromosome ratio
regulates the sex determination pathway, so that TRA-2 is not
inhibited by HER-1. Active TRA-2 suppresses the FEM proteins,
which frees TRA-1 to enter the nucleus and promote hermaphro-
dite somatic development. In a male cell, the X:A ratio regulates
the sex determination pathway in the opposite direction, so that
TRA-2 is inhibited by HER-1. Active FEM proteins repress TRA-1
function and male development is speciﬁed (de Bono et al., 1995;
Hodgkin, 1987; Kuwabara, 1996). The function of HER-1 to sup-
press TRA-2 occurs through the transmembrane domain of TRA-2
(Hunter and Wood, 1992; Perry et al., 1993). TRA-2’s intracellular
carboxy terminal region (tra-2 IC) is required to inhibit the FEM
proteins (Kuwabara and Kimble, 1995). The intracellular domain of
TRA-2 is insensitive to HER-1 inhibition, and thus overexpressing
the truncated protein can constitutively inhibit the FEM proteins
(Lum et al., 2000; Mowrey et al., 2014). In this way the male sex
determination pathway can be converted into a female pathway.
We found that in transgenic tra-2 IC-containing males, the
larval anterior–posterior expansion was altered to resemble the
hermaphrodite’s muscle. The dorsal sarcomere of the feminized
male anal depressor (Fig. 3A–D) was expanded more at the
anterior–posterior orientation compared to wild-type males
(Fig. 2A–E) at each larval stage; the kinetics of dorsal expansion
were similar to the hermaphrodite anal depressor (Fig. 3M–O).
This suggests that at least in wild-type males, the anal depressor’s
rate of dorsal expansion is cell autonomously promoted by the
intrinsic sex determination pathway. However, in L3 to L4 larvae,
the feminized anal depressor stopped dorsal expansion (Fig. 3P).
This could be due to incomplete feminization from the transgene
or because of interactions with neighboring male cells, or lack of
interactions with neighboring hermaphrodite cells. Nonetheless,
the elevated level of dorsal expansion indicates that in wild-type
males, the early regulation of the anal depressor’s growth is cell
autonomous and sex-intrinsic.
To rule out the possibility that the transgenic-induced dorsal
expansion was unrelated to sex transformation, we also measured
the dorsal expansion dynamics in the transgenic hermaphrodite
anal depressor. We found that the transgenic hermaphrodite anal
depressor displayed wild-type dorsal growth (Fig. 3M–O). This
observation supports the interpretation that the tra-2 IC transgene
artiﬁcially induced the dorsal expansion in the male’s muscle.
Although the dorsal growth of the feminized male anal depres-
sor resembled the hermaphrodite anal depressor during L1 to L3
stages, it partially displayed male morphogenesis aspects during L4
development. Like a wild-type male anal depressor, at mid-L4 stage
(Fig. 2E), the feminized male anal depressor demarcated an anterior
and posterior domain and moved the anterior domain towards the
developing spicule protractor muscles (Fig. 3D). However, unlike
the wild-type anal depressor, the dorsal-ventrally oriented sarco-
mere did not disassemble later in the L4 stage (Fig. 3E and F). These
observations suggest that the initiation of the wild-type male anal
depressor’s reorganization is inﬂuenced by external signals, but
further morphological changes require the intrinsic masculine sex
determination program.
Feminizing the anal depressor compromises male mating behavior
We hypothesize that in adults, the male mating circuit requires
a properly gender-speciﬁed anal depressor to function. If correct,
then feminizing the anal depressor should interfere with copula-
tion behavior. Therefore we conducted mating potency, arecoline
drug test and mating observation assays to assess what speciﬁc
behaviors were affected by feminizing the muscle (Garcia et al.,
2001; Liu and Sternberg, 1995; Liu et al., 2011).
We ﬁrst performed the mating potency assay by pairing a
1-day-old male with a 1-day-old hermaphrodite (Correa et al.,
2012; Guo et al., 2012; Liu et al., 2011). The hermaphrodites
possess the pha-1(e2123) temperature-sensitive mutation, and
therefore at 20 1C only cross-progeny can survive. By counting
the number of males that can sire progeny, we found that tra-2-
transgenic males were less potent than wild-type males (Fig. 4A).
We then asked if the mating defect was due to reduced perfor-
mance in behaviors that lead to spicule insertion and ejaculation
(Correa et al., 2012; Garcia et al., 2001; LeBoeuf et al., 2014; Liu and
Sternberg, 1995; Liu et al., 2011).
Fig. 3. Feminizing the male anal depressor. (A–F) Lateral views of the anal depressor of: mid-L2 (A) and mid-L3 (B), 37 h early L4 (C), 40 h mid-L4 (D), and adult (E and F)
stage males, which carry the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin]. The pictures were taken in the YFP emission channel. The arrows in
(A–D) indicate the expanded anal depressor’s dorsal attachments at different larval stages. The double arrows in (D) indicate the demarcation between the anal depressor’s
anterior and posterior domain. The double arrowheads in (E) and (F) indicate the vertically positioned H zone in both the adult anal depressor anterior and posterior
domains. (G–L) Lateral views of the anal depressor of: mid-L2 (G), mid-L3 (H and I), 37 h early L4 (J and K), and adult (L) males carrying the transgene rgEx698 [Pexp-1:tra-2
(IC)::SL2:::DsRed; Punc-103E:YFP::actin]. The pictures were taken in the DsRed emission channel. The arrowheads indicate either the ventral-anteriorly migrating ﬁlopodia
extended from the anal depressor’s ventral attachment (G, I and K), or the abnormal sarcomere ventral attachment that is extended into the pre-anal ganglion region
(H and J). (M–O) Mean comparisons of the anal depressor’s dorsal width between the male wild-type anal depressor (male), wild-type male anal depressor expressing the
transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (maleþTG), wild-type hermaphrodite anal depressor (her) and wild-type hermaphrodite anal
depressor expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (herþTG) at mid-L2 (M), mid-L3 (N) and early L4 (O) stages. Mean7SD is
indicated. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). (P) Mean comparisons of the left and
right dorsal width for the wild-type male anal depressor expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] at mid-L2, mid-L3 and
early L4 stages. Mean7SD is indicated. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). All the
pictures are positioned as the anterior to the left and ventral to the bottom. In all of the images, the scale bar represents 10 mm.
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We conducted the arecoline drug assay to investigate if the
feminized anal depressor affected spicule protraction (Fig. 4B).
The acetylcholine agonist, arecoline, promotes spicule protraction
by activating nAChRs and mAChRs in the protractors muscles, SPC
and post-cloacal sensilla neurons (Correa et al., 2012). We
observed that the transgenic males were less sensitive to
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arecoline, compared to the wild type (Fig. 4B). We previously
reported that ablation of the anal depressor did not abolish the
arecoline-induced protraction (Garcia et al., 2001). Therefore, the
feminized anal depressor either developmentally or physically
reduced the spicule protractor muscles’ ability to contract.
Next, we examined if feminization impaired other mating
behavioral steps. We introduced single males with paralyzed
hermaphrodites and recorded their behaviors. Wild-type males
were able to initiate scanning behavior, locate the vulva and insert
their spicules within 5 min. For the transgenic males, they took
Fig. 4. Feminization of the anal depressor causes multiple mating defects. (A) Mating potency of wild-type males (wild type, n¼23) and wild-type males expressing the
transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (wild typeþTG, n¼21). The p value was calculated using Fisher’s exact test. (B) Percentage of males
that protracted their spicules in 1 mM arecoline solution for wild-type males (wild type, n¼50) and wild-type males expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::
SL2:::DsRed; Punc-103E:YFP::actin] (wild typeþTG, n¼40). The p value was calculated using Fisher’s exact test. (C) The time required for the wild-type males (wild type) and
wild-type males expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (wild typeþTG) to initiate mating behavior. Each dot represents
the metric of a single male observed. Mean7SD is indicated. The p value was calculated using Mann-Whitney nonparametric test (n.s.¼not signiﬁcant). (D) Number of times
for the wild-type males (wild type) or the wild-type males expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (wild typeþTG) to scan
through the vulva region, but did not stop. Mean7SD is indicated. The p value was calculated using Mann-Whitney nonparametric test. (E) Spicule insertion efﬁciency
during 2 min of observation. Closed symbols indicate that the male successfully inserted its spicules. Open symbols indicate that the male did not insert his spicules.
Mean7SD is indicated. The p value was calculated using Mann-Whitney nonparametric test. (F) Average length of time that wild-type males (wild type) or the wild-type
males expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (wild typeþTG) prodded against the vulva during the 2min observation time.
Mean7SD is indicated. The p value was calculated using Mann–Whitney nonparametric test.
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similar amounts of time to initiate backing and scanning behavior
(Fig. 4C). However, they could not stop at the vulva as efﬁciently as
the wild type (Fig. 4D). They hesitated around the vulva region, but
continued backing without initiating the prodding behavior. Some
of the males eventually positioned themselves over the vulva, but
this was after several rounds of circling around the hermaphrodite.
Therefore, they had very low spicule insertion efﬁciencies (Fig. 4E).
We speculate that the transformed anal depressor might interfere
with the proper functions of other male muscles, such as the
oblique and gubernaculum muscles. In the wild-type male, these
posterior cloacal muscles are electrically connected to the anal
depressor, which in turn is electrically coupled to the spicule
muscles. The oblique and gubernaculum muscles function to press
the male tail against the vulva and initiate spicule insertion
attempts (Jarrell et al., 2012; Liu et al., 2011).
When the tra-2-transgenic males eventually position themselves
over the vulva, they initiated spicule prodding behavior. The average
prodding duration was similar between wild type animals and tra-2-
transgenic animals (Fig. 4F); but many of the males failed to insert
their spicules (Fig. 4E). In wild-type males, the SPC proprioceptive
neurons make chemical synapses to both the anal depressor and
spicule protractor muscles (Jarrell et al., 2012). These neurons are
essential for copulation, and tonic contractions of the anal depressor
and protractor muscles occur during full spicule insertion (Garcia et
al., 2001). In the transgenic males, the low insertion ability might
arise from reduced or absent signaling between the SPC and the
transformed anal depressor; in addition, the transformed anal
depressor might physically obstruct the protractor muscles’ contrac-
tile efﬁciency. Therefore, we conclude that feminization of the anal
depressor leads to defects in copulation behaviors.
Fig. 5. Masculinizing the hermaphrodite anal depressor. (A–C) Lateral views of the anal depressor of: mid-L2 (A) and mid-L3 (B), mid-L4 (C) stage males, which carry the
transgene rgEx721 [Pexp-1:fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin]. The pictures were taken in the YFP emission channel. (D–F) Mean comparisons of the anal
depressor’s dorsal width between the hermaphrodite wild-type anal depressor (her), wild-type hermaphrodite anal depressor expressing the transgene rgEx721 [Pexp-1:
fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] (herþTG), wild-type male anal depressor (male) and wild-type male anal depressor expressing the transgene rgEx721
[Pexp-1:fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] (maleþTG) at mid-L2 (D), mid-L3 (E) and early L4 (F) stages. Mean7SD is indicated. The p value was calculated
using one-way ANOVA with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). (G) Mean comparisons of the left and right dorsal width for the wild-type
hermaphrodite anal depressor expressing the transgene rgEx721 [Pexp-1:fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] at mid-L2, mid-L3 and early L4 stages. Mean7SD
is indicated. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant). All the pictures are positioned as the
anterior to the left and ventral to the bottom. In all of the images, the scale bar represents 10 mm.
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Overexpressing FEM-3 in the larval hermaphrodite anal depressor
induces male-like growth dynamics
The results from the feminization of the male anal depressor
experiment suggest that the muscle’s L1 to early L4 development
is regulated cell-autonomously. To conﬁrm the observation, we
performed the converse experiment and cell-autonomously mas-
culinized the hermaphrodite anal depressor. We then asked if the
potentially transformed muscle displayed male growth traits.
To convert the hermaphrodite sex determination pathway into
a male one, we overexpressed the FEM-3 proteins in the her-
maphrodite anal depressor using the exp-1 promoter. Excess FEM-
3 has been shown to overcome the inhibitory effect of TRA-2, thus
suppressing TRA-1 activity and promoting male development (Lee
and Portman, 2007; Mehra et al., 1999; Mowrey et al., 2014; White
et al., 2007).
As we predicted, fem-3-expressing hermaphrodite anal depres-
sor’s larval growth kinetics were altered (Fig. 5A–E). During the L2
and L3 stages, the masculinized anal depressor’s anterior–posterior
expansion was reduced compared to the wild-type hermaphrodite
(Fig. 5D–F). The dorsal expansion was not signiﬁcantly different
from the wild-type male anal depressor or the Pexp-1: fem-3
expressing control males. However, unlike a wild-type male anal
depressor (Fig. 2K), the masculinized anal depressor’s dorsal growth
continued during the L3–L4 stages (Fig. 5G). Additionally, during the
L4 stage, the masculinized hermaphrodite anal depressor did not
extend an anterior branch or initiate anterior movement. However
in 18% (n¼17) of the animals, the actin ﬁlaments in the anterior
sarcomere region were variably detectable (Fig. 5C), hinting that the
masculinized hermaphrodite anal depressor might be capable of
reorganization. Although the results of this experiment are consis-
tent with the idea that the early anal depressor’s growth kinetics
are cell autonomous in both sexes, we hypothesize that further
gross masculine developmental changes require communication
with neighboring masculinized cells.
The anterior movement of the male anal depressor requires the
developing male sex muscle cells
Since feminizing the male anal depressor did not block the
initiation of cellular reorganization, we entertained the possibility
that the reorganization process required the participation of
additional cells in the male tail. The adult male possesses unique
copulatory structures in the tail region, including the male sex
muscles and the copulatory spicules. The blast cells that give rise
to those copulatory structures are either located in the male tail at
L1 stage (the B cell that gives rise to the spicules, the F and U cells
that give rise to the mating neurons, and the V and T seam cells
that give rise to the rays) (Hunter et al., 1999; Kenyon, 1986; Salser
and Kenyon, 1996; Sulston et al., 1980), or migrate to the tail region
at L3 stage (the M cell that give rise to the male sex muscles)
(Sulston et al., 1980). Therefore, during the L4 reorganization
period, the male tail encompasses many male-speciﬁc cells in
close proximity to the anal depressor, which might initiate the
anterior movement of the muscle.
To test the hypothesis that developing male copulatory cells
might present instructive signaling to promote the anal depres-
sor’s anterior movement, we either eliminated the copulatory
structure, or disrupted the lineage from which the copulatory
structures are derived. We then observed if the anal depressor’s
anterior movement was compromised. To determine the contribu-
tions of the spicules, spicule-associated neurons and the procto-
deum cells, we laser-ablated the B.a and B.p progenitor cells.
We also laser-ablated the F and U progenitor cells to determine if
the male-speciﬁc interneurons contributed to the anal depressor
reorganization. However, when we laser-ablated these cells, we
found that the L4 animals showed no anterior movement defects
in the anal depressor (Fig. 6A and B), suggesting that they do not
initially participate in the anal depressor reorganization.
To assess the importance of the male sex muscles and rays,
we used the mab-5(lf) mutation to compromise the cell lineages
that give rise to those structures. mab-5 is a Hox gene that
regulates the expression of genes that control cell fate speciﬁca-
tion in the M cell-sex muscle- and V5, V6-ray-lineages. The male
M cell lineage generates nonessential body wall muscles and all of
the male copulatory muscles, whereas V5 produces the cells
contained in ray 1, and V6 produces the cells contained in rays
2 through 6 (Sulston et al., 1980). In mab-5(lf) males, some M-
derived sex myoblasts are missing, whereas other sub-lineages are
miss-speciﬁed to produce additional sex myoblast-like cells (Harfe
et al., 1998; Kenyon, 1986). Additionally, the lack of functional
MAB-5 causes V5 and V6 to produce only seam cells or
hypodermal-like cells (Kenyon, 1986). Therefore we examined
mab-5(lf) males, to identify if the absence of signaling from the
sex muscles and rays affects anal depressor development.
The anal depressor morphology ofmab-5(lf)males was recorded
at different time points during L4 development and adulthood
(Fig. 6C, F and I). We observed that duringmab-5(lf) mid-L4 to adult
development, the anal depressor had delayed speciﬁcation and
reduced movement of the anterior domain (Figs. 2E and 6C and L).
Fig. 6. The male-speciﬁc sex muscles communicate with the anal depressor to initiate the anterior movement and posterior disassembly process. (A and B) Comparisons of
the slit width between the anal depressor’s anterior and posterior domains in B.a and B.p-ablated (A) or F and U cell-ablated males (B) with mock-ablated males. Mean7SD
is indicated. The p value was calculated using the unpaired t test (n.s.¼not signiﬁcant). (C–K) Lateral views of the anal depressor of mab-5 (e2088) males at: mid-L4 (C), late
L4 (F) and adult (I) stage; lateral views of the anal depressor of either mock-ablated males (D, G and J) or M cell-ablated males at: mid-L4 (E), late L4 (H) and adult (K) stage.
The arrows in (F)–(H) indicate the anteriorly-migrating ﬁlopodia extending from the anterior domain of the anal depressor. The double arrows in (C–E) indicate the width of
the slit measured. (L) Comparisons of the slit width between the anterior and posterior domains (the slit width is indicated in (C)–(E) by the arrows) among wild-type,
mab-5, mock-ablated and M cell-ablated males at mid-L4 stage. Mean7SD is indicated. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple
Comparison Test. (M) Comparisons of the slit width between the anterior and posterior domains among mock-ablated, opposite-side SM 1, 2 and 3-ablated (opposite
SMs-ablated: SM1, 2 and 3, which are on the opposite side of the anal depressor attachment examined), and same-side SM 1, 2 and 3-ablated (same SMs-ablated: SM1, 2, and
3 which are on the same side of the anal depressor attachment examined) males at mid-L4 stage. Mean7SD is indicated. The p value was calculated using the unpaired t test
(n.s.¼not signiﬁcant). (N and O) Comparisons of the width (N) and the area (O) of the anal depressor’s posterior domain among the wild-type, mab-5, mab-5 M cell-ablated,
mock-ablated and M cell-ablated males at adult stage. The width is indicated in 4G by the horizontal arrow, and the area is calculated as the result of the width multiplied by
the length (vertical arrow) as indicated in 4G. Mean7SD is indicated. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple Comparison Test.
(P and Q) Lateral views of the adult male tail of mab-5 (e2088) males (P) and mab-5 (e2088) males, which carries the transgene rgEx722 [Phlh-8: mab-5 cDNA::SL2:::DsRed;
Punc-103E:YFP::actin] (Q). The crumpled spicule defects were partially alleviated when mab-5 was rescued in the M lineage, indicating that the cDNA was functional. (P0 and
Q0) Lateral views of the anal depressor of mab-5 (e2088) adult male (P0) and mab-5 (e2088) adult male, which carries the transgene rgEx722 [Phlh-8: mab-5 cDNA::SL2:::
DsRed; Punc-103E:YFP::actin] (Q0). The pictures were taken in the YFP emission channel. The sex muscle morphogenesis and orientation defects (P0) were alleviated, but not
enough to rescue the anal depressor defect (Q0). (R and S) Comparisons of the width (R) and the area (S) of the anal depressor’s posterior domain between the mab-5 (e2088)
adult males (mab-5) and mab-5 (e2088) adult males, which carry the transgene rgEx723 [Pexp-1: mab-5 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] (mab-5þTG). Mean7SD
is indicated. The p value was calculated using the unpaired t test (n.s.¼not signiﬁcant). (T) Mean comparisons of the anal depressor’s dorsal width between wild-type and
mab-5mutants at: mid-L2, mid-L3 and early L4 stages. Mean7SD is indicated. The p value was calculated using the unpaired t test (n.s.¼not signiﬁcant). All the pictures are
positioned as the anterior to the left and ventral to the bottom. For all of the images, the scale bar represents 10 mm.
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We also observed sarcomere disassembly defects in the posterior
domain (Fig. 6I, N and O).
Since MAB-5 regulates two essential male speciﬁc behaviors
during L4 anal depressor development, the transcription factor
might also be involved in the male-speciﬁc regulation of the
anterior–posterior expansion during L1 to L3 larva. Thus
we examined mab-5(lf) male anal depressor development
during the L1 to L3 stages. The mab-5(lf) males displayed
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wild-type dorsal growth at all larval stages (Fig. 6T). We concluded
that MAB-5 expressed from the M lineage or rays only contributes
to the male-speciﬁc regulation of the anal depressor development
at L4.
The male-speciﬁc regulation of the anal depressor’s anterior
movement and posterior disassembly could be controlled by signal-
ing from the M or V5, V6 lineage cells. We favored the M-lineage-
derived male sex muscles to be the more likely signaling source for
these reorganization processes. The anal depressor physically con-
tacts the spicule protractor muscles when the posterior sarcomere
disassembly occurs and ultimately makes electrical connections to
these muscles. Similar mechanisms can be found in the morphogen-
esis of neuromuscular junctions. The target neurons have been
shown to secrete the guidance cues to initiate muscle arm exten-
sions from the muscle cells (Seetharaman et al., 2011).
The M cell goes through several rounds of divisions, beginning at
mid-L1 and ending at late-L3 stage to generate a few body wall
muscles and all of the male sex muscle cells (Sulston et al., 1980;
Sulston and Horvitz, 1977). We laser-ablated the M cell at the early
L1 stage, to ask if L1-operated males have similar anal depressor
anterior and posterior defects, as in the mab-5(lf) males (Fig. 6D, E,
G, H, J and K). When we quantiﬁed our data, we found that the M
cell-ablated animals displayed anterior movement defects similar to
mab-5(lf) males (Fig. 6L). Therefore the anterior movement defects
seen in mab-5(lf) males were likely attributed to the cells of the M
lineage. The adult males from those M cell-ablated animals had a
larger posterior domain compared to the control (Fig. 6J, K, N and
O), indicating the M-lineage cells promote the disassembly of the
posterior sarcomere. However, the mab-5(lf) adult anal depressor
displayed more severe disassembly defects than the anal depressor
of the M cell-ablated adults (Fig. 6I and K, N and O).
MAB-5 is also expressed in the male and hermaphrodite anal
depressor embryonic progenitors (Cowing and Kenyon, 1992), but
no obvious defects are seen in the hermaphrodite or larval male
muscle. To test if cell-autonomous MAB-5 can rescue the mab-5
(lf)-induced L4 male anal depressor defects, we expressed the
mab-5 cDNA from the exp-1 promoter. To conﬁrm the functionality
of the cloned mab-5 cDNA, we also expressed the mab-5 cDNA
very early in the M lineage, using the hlh-8 promoter. Gene
expression from the hlh-8 promoter is limited to the M lineage
Fig. 7. Masculinization of the hermaphrodite M lineage can initiate the anal depressor’s anterior movement. (A and B) Lateral views of the wild-type hermaphrodites’
posterior half (A) and hermaphrodites that carry the transgene rgEx724 [Phlh-8: fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] (B) at early L3 stage. The arrowhead in B
indicates the additional cells that were found adjacent to the body wall muscle cells. (C-E) Lateral views of the hermaphrodite anal depressor, which expressed the transgene
rgEx724 [Phlh-8: fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] at late L3 (C), mid-L4 (D) and young adult (E) stages. The arrows in C and D indicate the ventral slits.
The arrow in E indicates the reorganizing anterior domain. The pictures were taken in the YFP emission channel. (F) Percentage of animals that possess a ventral slit at late L4
stage in wild type hermaphrodites (her) and hermaphrodites, which expressed the transgene rgEx724 [Phlh-8: fem-3 cDNA::SL2:::DsRed; Punc-103E:YFP::actin] (herþTG).
The p value was calculated using Fisher’s exact test.
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cells and coloemocytes (Harfe et al., 1998). The hlh-8 promoter is
active from embryonic stage till just before the sex myoblasts
divide and differentiate into muscle cells during the L3 stage
(Harfe et al., 1998). The Phlh-8:mab-5 cDNA construct was sufﬁ-
cient to rescue the early mab-5(lf) division defects, and even
specify some of the M-lineage progeny (Fig. 6P–Q0). But the
incomplete rescue was expected, since the M-lineage cells likely
require continual mab-5 expression from the endogenous promo-
ter. In contrast to the partial rescue of the M-lineage cells,
expressing the mab-5 cDNA solely in the anal depressor, via the
exp-1 promoter did not alleviate the L4 stage posterior disassem-
bly defects (Fig. 6R and S). This result suggests that the transcrip-
tion factor’s function in this process is likely cell non-autonomous.
Then we considered the possibility that the abnormalmab-5(lf)M-
lineage cells had additional inhibitory effects on the disassembly of the
posterior sarcomere. To test this possibility, we killed the M cell in L1
larvalmab-5(lf)males. We found that in those operatedmab-5(lf) adult
males, the size of the posterior domain was the same as the wild-type
M cell-ablated adult males (Fig. 6N and O). Therefore, we speculated
that the posterior disassembly defects in mab-5(lf) males are due to
the absence of normal signaling, in conjunction with neomorphic
inhibitory effects from the abnormal M-lineage cells.
In wild-type males, the M-lineage produces a bilateral set of body
wall muscle and sex muscle cells; thus we asked if the speciﬁcation
and movements of the anal depressor’s bilateral anterior attachments
are individually regulated by their cognate M-lineage neighbors. To
address this possibility, we allowed the M cell to divide during the L1
larval stage to generate the bilateral body wall muscles and sex muscle
mesoblasts, SM1, SM2 and SM3. The SM mesoblasts go through
3 additional rounds of divisions during the L3 stage to generate all
of the sex muscles. During the L2 stage, we laser-ablated one set of SM
1, 2 and 3 (either the left or right); the M cell-derived body wall
muscles were left intact. At L4 stage, we examined each side of the
male tail to determine if the anal depressor’s anterior domains were
speciﬁed, and how much they moved. We found that the morphology
of the anal depressor attachment was only affected when its cognate
set of neighboring SM mesoblast cells was laser-ablated (Fig. 6M).
The severity of the anterior domain speciﬁcation and movement
defects were comparable to the M cell-ablated worms (Fig. 6L). This
suggests that the sex muscle cells, which neighbors the anal depressor
attachment and not the M-derived body wall muscles, likely con-
tribute to the morphological changes of the anterior domain.
A masculinized M lineage is sufﬁcient to induce anterior movement in
the hermaphrodite anal depressor
The M cell ablation experiments, in conjunction with the mab-5
(lf) male phenotypes suggested that the anterior movement
defects were attributed to the absence of signaling from the male
sex muscles. However, those defects could still be due to unknown
effects of the experimental design. To rule out this possibility, we
masculinized the hermaphrodite early M lineage by using the hlh-
8 promoter to drive fem-3 cDNA expression, and asked if a male-
like M lineage can induce anterior movement of the hermaphro-
dite anal depressor.
In wild-type hermaphrodites, the M.dl/r cells divide during the
L1 stage to form body wall muscles and coelomocytes, located in
the worm’s posterior region (Fig. 7A, n¼10). However, in L3
transgenic hermaphrodites, additional M.dl/r—derived cells,
located at the posterior dorsal region conﬁrmed that the Phlh-8:
fem-3 cDNA was functional (Fig. 7B, n¼7). Those additional cells
are likely derived from an early masculinized M lineage, and
resemble the SM1 and SM2 sex mesoblasts, which are born during
the male L3 stage (Sulston et al., 1980).
The masculinized early M lineage led to the formation of a
ventral slit in the hermaphrodite anal depressor. At the late L3 stage,
the ventral region of the muscle cell started to be demarcated into
two domains (Fig. 7C). During the L4 stage, the slit expanded
(Fig. 7D). We observed that some of the young adults even had a
reorganized sarcomere (Fig. 7E). The timing of those reorganization
events ﬁts with the wild-type male process (Fig. 2D–F). Therefore
we concluded that the masculinization of the M lineage in the
hermaphrodite was sufﬁcient to induce anterior movement in the
anal depressor muscle. However, only a small proportion of the
transgenic hermaphrodites possessed this anal depressor pheno-
type (Fig. 7F). One possible explanation is that the hlh-8 promoter
does not express enough fem-3 to cause 100% conversion of the M
lineage. Overall, the ventral slit in the transgenic hermaphrodite’s
anal depressor indicates that a male M lineage provides the signal to
initiate the anal depressor’s anterior movement.
The male endogenous pathway and exogenous signaling function
additively to regulate the anterior movement process
The masculinization of the hermaphrodite M lineage conﬁrms
that the exogenous signals derived from the male sex muscles
contributed to the anterior movement of the male anal depressor.
We found that the Pexp-1:tra-2 IC transgenic males also possess
anterior movement defects (Fig. 8). To identify if the endogenous
and exogenous signaling pathways are playing parallel or syner-
gistic roles, we feminized the anal depressor in mab-5 males. We
found that the muscle cell had more severe anterior movement
defects, compared to either mab-5 mutants or tra-2 transgenic
worms (Fig. 8). Thus we conclude that exogenous signaling and
endogenous sex determination mechanisms function additively to
regulate the anterior movement of the male anal depressor.
Defecation behavior does not require the male anal depressor during
the L4 stage
Finally, we addressed if the reorganizing anal depressor still
participates in defecation behavior during the L4 stage. In larval
males and hermaphrodites, the anal depressor projects a muscle
arm to the pre-anal ganglion, which it uses to receive stimulatory
input from the defecation neuron DVB (McIntire et al., 1993b;
Fig. 8. The male sex determination pathway and exogenous signals from the male
sex muscles function additively to regulate the male anal depressor’s anterior
movement. Comparisons of the slit width between the anterior and posterior
domains (the slit width is indicated in Fig. 6C–E by the arrows) among wild-type,
mab-5, wild type expressing the transgene rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed;
Punc-103E:YFP::actin] (tra-2-TG) and mab-5 males expressing the transgene
rgEx698 [Pexp-1:tra-2 (IC)::SL2:::DsRed; Punc-103E:YFP::actin] (tra-2-TG) at mid-
L4 stage. MeanþSD is indicated. The p value was calculated using one-way ANOVA
with the Bonferroni’s Multiple Comparison Test.
X. Chen, L. René García / Developmental Biology 398 (2015) 24–43 35
Reiner and Thomas, 1995; Sulston et al., 1980). We ﬁrst asked if the
larval male anal depressor alters its pre-anal ganglion muscle arm
during development. To visualize the anal depressor cytoplasm,
including the ﬁlopodia and muscle arm extension, we expressed
the cytoplasmic DsRed protein from a pan-muscular lev-11 tropo-
myosin promoter. This speciﬁc construct expresses in the body
wall muscles and the anal depressor, but not in the pharyngeal or
intestinal muscle.
We found that the anal depressor muscle arm exhibited dynamic
changes in the male. In the hermaphrodite, the anal depressor
maintained an obvious muscle arm in the pre-anal ganglion region
throughout adulthood (Fig. 9A–E and Table 1). However, in the male,
the muscle arm began to retract during the L3 stage (Fig. 9F–H, and
Table 1). Concurrent with the muscle arm retraction, we observed that
the male anal depressor started to extend ﬁlopodia dorsal-anteriorly
towards the sex muscle cells in 78% (n¼18) of the males. By L4 stage,
the male anal depressor muscle arm projection could not be easily
identiﬁed in the pre-anal ganglion region (Fig. 9I–M, and Table 1).
Whenwe feminized the anal depressor with the tra-2 IC construct, the
muscle arm retraction also occurred, but was delayed to mid- to late
L4 stage for the majority of the males (Fig. 3G–L, and Table 1). This
indicates that aspects of this process might be regulated by the
intrinsic sex of the anal depressor, in addition to the cell–cell
interactions with neighboring male cells.
We know little of the mechanistic details of the adult male
defecation program, other than the sphincter's requirement for
molecules that promote inhibitory GABA signal transduction
(Fig. 10A and B) (Reiner and Thomas, 1995). During L4 stage, the
sphincter alters the muscle ﬁber organization and becomes hyper-
trophied. In adult males, the inhibitory GABA signaling relaxes
the sphincter and allows expulsion to occur (Reiner and Thomas,
1995; Sulston et al., 1980). However, the correlation between the
retraction of the anal depressor muscle arm and morphological
reorganization suggests that the male adult defecation program
might function as early as late L3 to L4 stage.
To determine when the adult male defecation system becomes
functional, we laser-ablated the anal depressor nucleus in L1
animals. We noted that although the anal depressor corpse
persisted throughout L1 to the end of the L3 larval stages, the
operation led to ineffective expulsion, accumulation of intestine
contents and a dilated (constipated) intestinal lumen (Fig. 10C
and D). When the anal depressor-ablated worms developed into
L4 larva, the dilated intestine phenotype disappeared, suggesting
that some level of defecation behavior was restored (Fig. 10D).
Table 1
Percentages of animals that have the muscle arm extended into the pre-anal ganglion.
Mid-L2 Mid-L3 Early L4 Mid-L4 Adult
Wild-type her 100% (n¼15) 100% (n¼7) 100% (n¼12) 100% (n¼14) 100% (n¼9)
HerþTG 100% (n¼12) 100% (n¼17) 100% (n¼8) 100% (n¼9) 100% (n¼13)
Wild-type male 100% (n¼13) 44% (n¼18) 0% (n¼17) 0% (n¼16) 0% (n¼15)
MaleþTG 100% (n¼11) 82% (n¼17) n 46% (n¼26) nn 19% (n¼16) 0% (n¼39)
n Fisher’s exact test comparing mid-L3 wild-type males with mid-L3 males carrying the transgene (TG) [Pexp-1:tra-2 (IC)::SL2:::DsRed]; p¼0.0354.
nn Fisher’s exact test comparing early L4 wild-type males with early L4 males carrying the transgene (TG) [Pexp-1:tra-2 (IC)::SL2:::DsRed]; p¼0.0011.
Fig. 9. The male anal depressor retracts the muscle arm from the pre-anal ganglion at the L3 larval stage. (A–E) Lateral views of the anal depressor of: late L1 (A), late L2 (B),
mid-L3 (C), mid-L4 (D) and an adult (E) stage hermaphrodite. All the animals imaged carried the integrated transgene rgIs3 [Plev-11:Dsred; Plev-11:G-CaMP]. The Plev-11:G-
CaMP happened to be part of the integrated transgene, and was not used for any analyses in this report. The arrowhead in each image indicates the muscle arm extended into
the pre-anal ganglion region. (F-M) Lateral views of the male anal depressor at mid-L1 (F), mid-L2 (G), mid-L3 (H and I), early L4 (J), mid-L4 (K), late L4 (L) and adult
(M) stage. All the animals imaged carried the integrated transgene rgIs3 [Plev-11:Dsred; Plev-11:G-CaMP]. The arrowheads in (F–H) indicate the muscle arm extended into
the pre-anal ganglion region. All the pictures are positioned as the anterior to the left and ventral to the bottom. For all of the images, the scale bar represents 10 mm.
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Therefore, we suggest that the reorganizing anal depressor does
not participate in defecation behavior during L4 development, and
likely, the defecation program used by the adult males is capable
of functioning during the early L4 stage.
Discussion
In this report, we described how the anal depressor’s sexual
dimorphic development incorporates a range of cellular events.
Fig. 10. Defecation does not rely on the reorganizing anal depressor during L4 development. (A) Expulsion in hermaphrodite and larval males. The top ﬁgure shows that
when the expulsion step is not activated, the anus is closed and the sphincter is relaxed. The bottom ﬁgure shows that when expulsion occurs, the intestinal muscles and the
sphincter contract to squeeze the intestinal contents posteriorly, and the contraction of the anal depressor helps to open the anus to allow expulsion to occur (adapted from
Thomas, 1990). (B) Expulsion in adult males. The top ﬁgure shows that when the expulsion step is not activated, the sphincter contracts to seal the intestine. When
defecation occurs (bottom ﬁgure), the sphincter relaxes to allow the intestinal contents to pass through (McIntire et al., 1993a, 1993b; Reiner and Thomas, 1995). The anal
depressor does not participate in defecation in adult males (adapted from (Reiner and Thomas, 1995). (C) Worms that can defecate effectively have a long and thin intestine
(left ﬁgure), whereas worms that have defecation defects have a bloated intestine (right ﬁgure). The intestinal area is measured as the number of pixels within the intestinal
lumen (highlighted region). The scale bar is 100 mM. (D) Dot plots on the left compare the intestinal lumen area of mock-ablated animals with anal-depressor-ablated
animals at L3, early L4 and mid-L4 stages. The dot plots on the right compare the length of the intestinal lumen to show that there was no difference regarding the worm size
between the differentially operated worms. The p value was calculated using one-way ANOVA with the Bonferroni’s Multiple Comparison Test (n.s.¼not signiﬁcant).
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The embryonic morphogenesis of the anal depressor requires the
muscle to extend two symmetrially arranged attachments to
become an H-shaped cell. The morphology of the cell is similar
between the newly hatched male and hermaphrodite larvae; but as
the animals progress during larval development, dimorphic differ-
ences can be detected. The larval growth of the hermaphrodite and
male anal depressor is accompanied by the bilateral expansions of
the sarcomere structure. During L2 to L3 stages, the hermaphrodite
anal depressor displays a greater growth rate than the male.
However during the mid- to late L3 stage, and throughout the L4
stage, the growth of the male anal depressor involves radical
changes in the cell morphology. The male-speciﬁc L4 remodeling
process involves compartmentalization of anterior cell movement,
as well as sequential disassembly and reassembly of the sarcomere.
Considering the different events involved, the anal depressor
provides a comprehensive model to study the distinct mechanisms
that regulate these morphological processes.
The growth of a muscle cell involves the expansion of the
cytoplasm, as-well-as the sarcomere. However, the mechanisms
that coordinate the cytoplasmic expansion with sarcomere expan-
sion vary among different types of muscle cells. For mammalian
skeletal muscle cells, the muscle ﬁbers increase their size by
recruiting more myotubes. The muscle precursor cell, the myo-
blast, undergoes differentiation and cell fusions to give rise to the
multi-nucleated myotube. The myotubes then undergo maturation
to produce the myoﬁbers. During post-natal growth, more myo-
tubes join the pre-existing myoﬁbers to mature into the function-
ing muscle ﬁbers (Konigsberg, 1963; Mintz and Baker, 1967). In
contrast, the myoblasts of cardiac muscle cells will directly
differentiate to form the cardiomyocytes (Sparrow and Schock,
Fig. 11. A model for anal depressor development. (A–B) Two alternative mechanisms to regulate sexual dimorphic lateral growth. The lateral growth is regulated by cell
autonomous growth control pathways (blue arrows in A and B). In the hermaphrodite anal depressor (A), the female sex determination mechanism up regulates the activity
level of the growth control pathway (right red arrow in A). Therefore the lateral growth is more promoted in the hermaphrodite than in the male anal depressor (B).
Alternatively, the lateral growth is promoted by exogenous signals existing in both the male and hermaphrodite (yellow arrows in A and B). The female sex determination
mechanism promotes stronger response to the growth cue (left red arrow in A). Therefore, the hermaphrodite anal depressor expands more in the anterior-posterior
orientation. During the third larval development, there are repulsive signals (purple arrows) in the anal depressor to retract the muscle arm from the pre-anal ganglion in
both the hermaphrodites (A) and males (B). However, the female sex determination pathway (middle red arrow) represses the retracting signal to maintain the anal
depressor muscle arm in the pre-anal ganglion. (C–D) The blast cells that give rise to the male sex muscles (red) are the main signaling center for the anterior movement of
the anterior domain (C). (D) is the magniﬁed image of the ventral attachment of the anterior domain shown in (C). The guidance cue receptors (blue) receive the signals
(yellow) from the developing sex muscles and polymerize F-actin ﬁlaments beneath the membrane. The stress ﬁbers (blue lines) are only localized to the ventral membrane
in the anterior domain, but not in the posterior domain. The adhesion molecules (orange) anchor the sarcomere to the basal membrane of the sex muscle cells. The green and
gray lines represent actin thin ﬁlaments and myosin thick ﬁlaments that constitute the sarcomere in the anterior compartment. (E) shows the male anal depressor, which is
1hr older than the anal depressor shown in (C). (F) is the magniﬁed image of the ventral attachment of the anterior domain shown in (E). External signals from the ventral
side (purple arrow) detach the adhesion molecules (orange) from their substrate, which triggers the disassembly of the sarcomere. Meanwhile the anterior tip continues
moving forward, extending a bigger protrusion.
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2009). The cardiomyocytes also increase in cell size during post-
natal growth. But the growth only involves the expansion of the
cytoplasm and the sarcomere at the single cell level (Wilson et al.,
2014).
The lateral expansion of the L1 stage to adult hermaphrodite
anal depressor and the L1 to L3 stage larval male anal depressor
resembles the lateral growth of the cardiomyocytes. In both sexes,
the muscle cell increases the size of the bilateral sarcomeres;
however, the rate of growth in the hermaphrodite is greater than
in the male. The lateral growth could be controlled by cell
autonomous metabolic growth pathways, like the mTOR pathway,
which in turn, might be differentially regulated in the hermaph-
rodite and male anal depressor. Alternatively, external growth
promoting signals might be present in both sexes, but the female
sex determination pathway might stimulate a greater cell auton-
omous growth response (Fig. 11A).
The expansion of the muscle cell might be mediated by external
chemoattractive cues, which promote actin polymerization and
inhibit F-actin retrograde processes at the leading edge (Huber
et al., 2003). In this case, the limited expansion magnitude of the
male anal depressor might be attributed to a muted response to an
external cue (Fig. 11B). Further comparative studies of the male and
hermaphrodite anal depressor will uncover how sexual dimorphic
expansion of cell size is regulated.
Although the L1–L3 lateral growth provides hints about the
mechanism controlling muscle cell growth, the L4 development of
the male anal depressor shows how cellular compartments move
sequentially to achieve cell attachment alterations. Cell migration
usually involves coordinated movements of the whole cell (Mattila
and Lappalainen, 2008). During migration, the cell’s leading edges
ﬁrst extend protrusions toward the guidance cues, and then the
cellular components move toward the leading edges. The rear of
the cell is pulled forward by the contractions of stress ﬁbers that
are attached to the posteriorly located adhesion molecules.
However during male L4 development, the anterior domain of the
anal depressor moves independently of the posterior domain. This
independence could be established by polarized distribution of
migration molecules. For example, the receptors and stress ﬁbers
that mediate the response to the cue might be restricted to the
anterior domain (Fig. 11C–F).
Cell polarity might also be established when the anterior domain
disassembles its sarcomere structure. The signaling pathway that
mediates muscle atrophy may not regulate this polarized disassem-
bly process, since it should trigger the disassembly of the sarcomere
within the whole cell. The muscle atrophy pathway activates MuRF1
and MAFbx ubiquitin ligases, which promote protein degradation
(Bodine et al., 2001). If the muscle atrophy pathway is activated
uniformly in the anal depressor, the sarcomere proteins will be
rapidly degraded. The diminishing sarcomere protein pool will lead
to the disassembly of the sarcomere in both the anterior and
posterior domains. Thus if the atrophy pathway is to be used, it
must be coupled to some type of hypothetical compartmentalization
mechanism.
Localized detachment of the sarcomere anchoring proteins is
also a possible mechanism to ensure that sarcomere disassembly is
compartmentalized. Integrins, which are the anchoring proteins
for the vertebrate’s sarcomere, have been shown to be essential for
sarcomere assembly and maintenance (Hresko et al., 1994;
Schwander et al., 2003; Sparrow and Schock, 2009). In C. elegans,
pat-2 and pat-3 encode the integrin alpha and beta units. In pat-2
and pat-3 mutants, the thin and thick ﬁlaments of the body wall
muscles are severely disorganized, indicating that in the worm,
the integrins are also essential for sarcomere assembly (Williams
and Waterston, 1994). To trigger sarcomere disassembly in the
anterior domain of the anal depressor, the integrins that anchor
the anterior sarcomere might be modiﬁed or removed (Fig. 11F).
We found that the feminized male anal depressor did not
disassemble the sarcomere. Possibly, the feminized anal depressor
might express anchoring molecule that are different from the male
(Fig. 11D and F). Thus, these hypothetical female molecules might
not respond to the detachment signals presented by the neighbor-
ing male cells.
During the mid- to late L4 stage, the sarcomere disassembly
occurs in the anterior domain before the posterior domain. This
might be because the transmission of the disassembly signals from
an anterior source(s) (possibly, from the developing spicule pro-
tractor muscle cells) might be graded and slow. Another possibility
for the sequential sarcomere disassembly is that the posterior
sarcomere is required to provide structural support for the dynamic
changes occurring in the cell’s anterior, relative to the other gross
alterations occurring in the male tail. After the anterior domain
establishes its new contacts with the protractor muscles, the
posterior domain of the anal depressor might then receive the
signal to atrophy. Altogether, our study provides a comprehensive
description of the developmental process of the anal depressor
muscle in the hermaphrodite and the males. The study also reveals
the potential of the muscle to be utilized as a model system to study
the signaling pathways that regulate distinct morphogenesis events.
Materials and methods
General methods and strains
C. elegans strains were cultured at 20 1C and manipulated
following standard protocols (Brenner, 1974). All strains contained
him-5(e1490) on LGV (Hodgkin et al., 1979). We also used the
following alleles in this study: mab-5(e2088) on LG III (Kenyon,
1986); pha-1(e2123) on LGIII (Schnabel and Schnabel, 1990); lite-1
(ce314) on LG X (Edwards et al., 2008).
Plasmids for anal depressor visualization
To drive the expression of ﬂuorescent proteins in the anal
depressor, we used the transgenic array rgEx430 [Plev-11: G-CaMP;
Plev-11: mDsRed] (Guo et al., 2012). To maintain a stable transgene
expression level, rgEx430 [Plev-11: G-CaMP; Plev-11: mDsRed] was
integrated into the strain CG912 using a UV irradiation-based
method (Mello et al., 1991). The pha-1(e2123) and lite-1(ce314)
mutations contained within CG912 were eliminated by outcrossing
with him-5(e1490)males before integration. The integrated line was
outcrossed 5 times to reduce background mutations.
To visualize the actin ﬁlaments, we fused the YFP coding
sequence to the N terminus of the actin genomic sequence (Guo
et al., 2012). To generate pXG31, pXG30 (the gateway ccdB
cassette: YFP::actin) was recombined with pLR21 (Reiner et al.,
2006), which contains the unc-103E promoter. pXG31 was injected
at 50 ng/mL together with 150 ng/mL of pUC18 into him-5(e1490)
hermaphrodites to make the transgene rgEx497 [Punc-103E: YFP::
actin] (Guo et al., 2012).
To drive the YFP::actin expression using the exp-1 promoter, we
PCR-ampliﬁed the 3.6 kb exp-1 sequence upstream of the ATG (Beg
and Jorgensen, 2003). The primer pair used to amplify the exp-1
promoter was: 50-GGGGACCACTTTGTACAAGAAAGCTGGGTATTCTGGT-
CGATGCTGTGCTTGCCCATGGCT-30 and 50-GGGGACAAGTTTGTACAAA-
AAAGCAGGCTCACGGAGCGGAGGACGATTTTGGAGATTAAC-30. The pri-
mer pair contains Invitrogen Gateway attB sites.
To generate the entry vector pXC15, we recombined the exp-1
promoter sequence into the attP-containing donor vector pDG15
(Reiner et al., 2006) using BP clonase (Invitrogen, Carlsbad, CA).
pXC15 was then recombined with the destination vector pXG30
using LR clonase (Invitrogen) to generate pXC8. pXC8 was injected at
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50 ng/mL, together with pBX1 (100 ng/mL) and pUC18 (50 ng/mL) into
pha-1(e2123); him-5(e1490); lite-1(ce314) adult hermaphrodites.
tra-2 Feminizing plasmid construction
The pEntry 1-2-tra-2(IC) (Mowrey et al., 2014), which contains
the 1084 bp of the tra-2 intracellular fragment coding sequence,
was a gift from Kelli Fagan and Dr. Douglas Portman from the
University of Rochester, New York.
The tra-2 intracellular fragment was PCR-ampliﬁed from pEntry
1-2-tra-2-(IC) using the primer pair:
50-GAGGATCTCGCCACCATGGAATTCTCAATCAAACGATCATCTC-
CTCCCTGCCG-30 and 50-GCCAATCCCGGCCGCTTAAACCTCTGGGTCT-
GATAGGTCGCCTTCCCGT-30.
These two primers contain homology to the sequences that
ﬂank the G-CaMP3 in pLR279 (the gateway ccdB cassette:
G-CaMP3::SL2:::DsRed) (Correa et al., 2012).
The primer pair: 50-GACCCAGAGGTTTAAGCGGCCGGGATTGGC-
CAAAGG-30 and 50-GATTGAGAATTCCATGGTGGCGAGATCCTCTA-
GATCAACC-30 was used to linearize and remove the G-CaMP
coding sequence in pLR279. The two primers contain homology
to the 50 and 30 sequence of the tra-2-(IC) sequence, respectively.
The tra-2-(IC) fragment was ligated into the SL2:DsRed plasmid
backbone using the In-Fusion Dry-Down PCR Cloning Kit (Clon-
tech, Mountain View, CA) to make pXC14 ( the gateway ccdB
cassette: tra-2 (IC)::SL2:::DsRed). Using LR clonase, pXC14 was
recombined with pXC15 to generate pXC16. To visualize both the
cytoplasm and the sarcomere structure of the feminized anal depres-
sor, pXC16 (50 ng/mL) was co-injected with pXG31 (40 ng/mL), pBX1
(100 ng/mL) and pUC18 (10 ng/mL) into pha-1(e2123); him-5(e1490);
lite-1(ce314) adult hermaphrodites.
fem-3 Masculinizing plasmid construction
The pEntry 1-2 fem-(þ) SL2 mCherry (Mowrey et al., 2014),
which contains the 1165 bp of the fem-3 cDNA sequence, was a gift
from Kelli Fagan and Dr. Douglas Portman from the University of
Rochester, New York. The fem-3 cDNA sequence was PCR-ampliﬁed
from pEntry 1-2-fem-3 SL2 mCherry using the primer pair
50-GAGGATCTCGCCACCATGGAGGTGGATCCGGGTTCAGATGATGTA-
GAAGC-30 and 50-GCCAATCCCGGCCGCATCGTTTCCTGGAGCAATCAG-
TAGCATAAACATTCATAATCCGAA-30. These two primers contain
homology to the sequences that ﬂank the G-CaMP3 coding
sequence in pLR279. The primer pair 50-GCTCCAGGAAACGATGCG-
GCCGGGATTGGCCAAAGG-30 and 50-CGGATCCACCTCCATGGTGGC-
GAGATCCTCTAGATCAACC-30 was used to linearize pLR279 and
remove the G-CaMP coding sequence. The two primers contain
homology to the 50 and 30 sequence of the fem-3 cDNA sequence,
respectively. The fem-3 cDNA was ligated into the SL2:DsRed
plasmid backbone using the In-Fusion Dry-Down PCR Cloning Kit
to make pXC26 ( the gateway ccdB cassette:fem-3 cDNA::SL2:::
DsRed). Using LR clonase, pXC26 was recombined with pXC15 to
generate pXC29. To visualize both the cytoplasm and the sarcomere
structure of the masculinized anal depressor, pXC29(50 ng/mL) was
co-injected with pXG31 (40 ng/mL), pBX1 (100 ng/mL) and pUC18
(10 ng/mL) into pha-1(e2123); him-5(e1490); lite-1(ce314) adult
hermaphrodites.
Cloning the hlh-8 promoter
5.9 kb sequence upstream of the hlh-8 ATG was PCR-ampliﬁed
using the pair 50-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCGCT-
CGAGGACTTTGAAAATCGCAA-30 and 50-GGGGACCACTTTGTACAA-
GAAAGCTGGGTACTGTGAAAATCATATTGAAATCGGTCAGT-30. This
promoter region contains cis-acting elements that drive expression
in the M lineage and the coelomocytes, but not in the anal
depressor or any other defecation-associated muscles (Harfe et al.,
1998). The primer pair contains Invitrogen Gateway attB sites. We
recombined the hlh-8 promoter sequence into the attP-containing
donor vector pDG15 (Reiner et al., 2006) using BP clonase to
generate the entry vector pXC27.
mab-5 Rescuing plasmid construction
The 376 bp mab-5 cDNA sequence containing the 3rd to 5th
exons was PCR ampliﬁed from the genomic DNA of the strain
CF301mab-5(e2088); unc-31(e169); him-5(e1490); muIs9[hs-mab-5
þC14G10(unc-31þ)] (Salser et al., 1993). The primer pair used
was: 50-GAGGATCTCGCCACCATTCGCCTATAACCCACTTCAAGCAA-
CATCTGC-30 and 50-GCCAATCCCGGCCGCTCAAGAAGAATGTTGTT-
CATTTTGCTCATCTTGATTTGATTCT-30. These two primers contain
homology to the sequences that ﬂank the G-CaMP3 coding sequ-
ence in pLR279 (Correa et al., 2012). The primer pair 50-CAA-
CATTCTTCTTGA GCGGCCGGGATTGGCCAAAGG-30 and 50-GGG-
TTATAGGCGAATGGTGGCGAGATCCTCTAGATCAACC-30 was used to
linearize pLR279 and remove the G-CaMP coding sequence. The
two primers contain homology to the 50 and 30 sequence of the
mab-5 cDNA sequence (3rd to 5th exons), respectively. The mab-5
cDNA sequence (3rd to 5th exons) was ligated into the SL2:DsRed
plasmid backbone using the In-Fusion Dry-Down PCR Cloning Kit
to make pXC25 [the gateway ccdB cassette:mab-5 cDNA (3rd to 5th
exons)::SL2:::DsRed].
The 496 bp mab-5 genomic sequence ranging from the 1st exon
to the 2nd exon (including the 1st intron) was PCR-ampliﬁed from
the genomic DNA of him-5(e1490) strain. We used the primer pair
50-GAGGATCTCGCCACCATGAGCATGTATCCTGGATGGACAGGCGAC-30
and 50-GGGTTATAGGCGAATGGATTTGATGAATTATCCATCCAACCG
GCAGC-30. These two primers contain homology to the pXC25
sequence ﬂanking the mab-5 cDNA sequence (3rd to 5th exons).
pXC25 was linearized using the primer pair 50-TAATTCATCAAATC-
CATTCGCCTATAACCCACTTCAAGCAACATC-30 and 50-AGGATACATGCT-
CATGGTGGCGAGATCCTCTAGATCAACC-30. The two primers contain
homology to the 50 and 30 sequence of mab-5 genomic sequence (1st
to 2nd exon). The mab-5 genomic sequence (1st to 2nd exon) was
ligated into the pXC25 using the In-Fusion Dry-Down PCR Cloning Kit
to make pXC28 [the gateway ccdB cassette:mab-5 genomic sequence
(1st to 2nd exon)þmab-5 cDNA (3rd to 5th exons)::SL2:::DsRed].
Using LR clonase, pXC28 was recombined with pXC27 or pXC15 to
generate pXC32 and pXC31, respectively. To visualize the anal
depressor’s sarcomere structure, pXC32 (70 ng/mL) or pXC31 (70 ng/
mL) was co-injected with pXG31 (30 ng/mL) and pUC18 (100 ng/mL)
into mab-5 (e2088)/þ ; him-5 (e1490) adult hermaphrodites. The F1
hermaphrodites that were mab-5 (e2088) homozygous and stably
transmitted the transgene were kept.
Constructs for masculinization of the M lineage in the hermaphrodites
Using LR clonase, pXC26 was recombined with pXC27 to
generate pXC30. To visualize the sarcomere structure of the anal
depressor, pXC30 (70 ng/mL) was co-injected with pXG31 (20 ng/
mL), pBX1 (100 ng/mL) and pUC18 (10 ng/mL) into pha-1 (e2123);
him-5 (e1490); lite-1 (ce314) adult hermaphrodites.
Imaging
We identiﬁed the anal depressor morphology, related to a
speciﬁc development age. The ages for the L1 to L3 hermaphro-
dites and males were determined by the length of the gonadal
arm, and the position of the distal tip cells (hermaphrodite) or
linker cell (male) (Antebi et al., 1997; Hedgecock et al., 1987).
The ages for the L4 and adult hermaphrodites were determined by the
developmental stage of the vulva (Sternberg and Horvitz, 1986). The
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ages for the L4 and adult males were determined by the position of tail
tip cells (Nguyen et al., 1999; Sulston et al., 1980).
To facilitate imaging, the worms were mounted on agar pads
made from a melted agar solution (Sulston and Horvitz, 1977).
The agar solution was made by adding sterile water to Difco Noble
agar. The concentration of the agar pads for larval males and
hermaphrodites was 3%. To immobilize the worm, NaN3 was used
and the concentrations were: 12 mM NaN3 for L1–L2 males
and L1–L2 hermaphrodites, and 24 mM NaN3 for L3–L4 males
and L3-adult hermaphrodites. 8% agar pads with polystyrene
beads were used for adult males (Kim et al., 2013). NaN3 was not
used for the adult males, because it caused the adult males to
protract their spicules. Cover slips were then put on the top of the
worm. The worms were crushed so that they were lying on their
lateral side. All the images were taken using an Olympus IX81
microscope (Olympus Corporation, Tokyo, Japan) ﬁtted with a
Yokogawa CSU-X1 Spinning Disk Unit (Andor Technology, CT,
USA). The two outermost lateral sides of the worm tail were set
up as the starting and ending z stack for optical sectioning. Series
of confocal images were then collected from one lateral side of the
worm tail to the other. For each animal, the oblique images of the
individual attachment (either the left or the right) of the anal
depressor were overlaid together using the Corel Photo-Paint
software (Version 13.0.0.739, Corel Corporation, Ottawa, Canada)
to create a ﬂattened image. The ﬂattened images were used for
measurements and analyses.
Measurement of the dorsal width of the anal depressor attachment
Measurements were conducted using the HCImage software
(version 2.0.0.0., Hamamatsu, Bridgewater, NJ). The extended focus
image of the individual attachment was used for the measure-
ments. An image of the staged micro-meter was taken at each
magniﬁcation. The scale bar was then calibrated based on the
known distance on the calibration image.
3D reconstruction
To construct the 3D image shown in Fig. 1A, 400 confocal
images were taken of a hermaphrodite anal depressor expressing
the transgene rgEx497 [Punc-103E: YFP::actin], from one lateral
side to the other side. The stack of images was processed using the
MetaMorph software (version 7.8.0.0., Molecular Devices, Sunny-
vale, CA) to establish a 3D model. The 3D model was rotated to be
at the lateral-transverse angle. The image was processed and the
background (non-speciﬁc expression from the tail neurons) was
removed.
To construct the 3D image shown in Fig. 2J, 50 confocal images
were taken of a male anal depressor expressing the transgene
rgIs3 [Plev-11: G-CaMP; Plev-11: mDsRed]. A 3D model was then
reconstructed using the MetaMorph software.
Mating potency assay
L4 males were isolated and picked to a NGM plate with E.coli
the night before the mating potency assay. L4 pha-1 hermaphro-
dites were also isolated and grown at 20 1C for one day before the
mating potency assay. 10 μL of E. coli was spotted onto a NGM
plate the night before the mating potency assay. On the next day,
the mating potency assay was performed by picking one 1-day-old
pha-1 hermaphrodite and one 1-day-old male to a NGM plate
(seeded with 10 μL of E. coli). Two to three days later, the males
whose mating potency plate contained cross-progenies were
scored as sexually potent (Correa et al., 2012; Guo et al., 2012;
Liu et al., 2011).
Arecoline drug test
To assay arecoline-induced spicule protraction, we dissolved
acecoline (Acrose organics, NJ) in distilled water to make a stock
solution of 1 mM. 1 mL of the drug was added to a nine-well Pyrex
titer dish. Three to ﬁve males were transferred to the drug bath.
Then for 5 min, the males were observed under a stereomicro-
scope for spicule protraction. Males that had 450% of their
spicules out for longer than 10 s were scored as positive. Drug
baths were changed after 20 males were observed (Liu et al.,
2007).
Assessment of mating behaviors
L4 males were isolated one day before the mating observation
assay. The next day, we placed ﬁfteen 2-day-old unc-64(e246)
hermaphrodites on a 5-mm-diameter bacterial lawn for an hour.
One 1-day-old male was then placed with the hermaphrodites.
The male’s behavior was recorded for no longer than 5 min,
using an Olympus BX51 microscope mounted with a digital
camera. In the recordings, multiple mating behavioral criteria
were then analyzed for each male. The ESI (Efﬁciency of spicule
insertion) was calculated as previously described (Correa et al.,
2012; Guo et al., 2012; LeBoeuf et al., 2014; Liu et al., 2011).
Laser ablation
To eliminate the male copulatory structures, we conducted
laser-ablation to damage their ancestor cells. To facilitate imaging
of the anal depressor, the laser-ablation was conducted on males
that carried either rgIs3 [Plev-11: G-CaMP; Plev-11: mDsRed] (B.a
and B.p cell ablation, F and U cell ablation, and SM 1, 2 and
3 ablation) or both rgIs3 and rgEx497 [Punc-103E: YFP::actin]
(M cell ablation) transgenic arrays. The B.a and B.p ablations and
F and U ablations were conducted at the late L1 stage. The M cell
was ablated at the L1 stage. The SM 1, 2 and 3 cells were ablated
either on the left or right side at the late L2-early L3 stage. The
cells were identiﬁed based on previous cell lineage descriptions
(Sulston et al., 1980).
To determine if the abnormally formed male sex muscles are
responsible for the additional posterior disassembly defects, we
laser-ablated the M cell in L1mab-5(lf)males. To facilitate imaging,
we crossed mab-5 (e2088) hermaphrodites with CG997 (him-5
rgEx497 [Punc-103E: YFP::actin] males) to make themab-5 (e2088)
rgEx497 [Punc-103E: YFP::actin] transgenic line. The F2 hermaph-
rodites that gave rise to males with abnormal ray patterns were
identiﬁed as mab-5(e2088) homozygotes (Kenyon, 1986).
The laser ablation was conducted using a Spectra-Physics VSL-
337ND-S Nitrogen Laser (Mountain View, CA) attached to an
Olympus BX51 microscope. To immobilize the worm, a 2% agar
pad with 10 mM NaN3 was used for L1 worms and a 3% agar pad
with 24 mM NaN3 was used for L3 worms. Cell ablation was
conducted following the standard protocol (Bargmann and Avery,
1995). The mock-ablated worms were operated under the same
anesthetic conditions as the ablated worms, with the exception
that no laser-ablation was performed. After the operation, the
wormwas transferred back onto NGM plates containing OP50. The
worms were allowed to grow into the L4 stage and then imaged
under the confocal microscope.
Determining the defecation efﬁciency
To identify if the anal depressor is required for defecation during
L4 development, we laser-ablated the L1 male anal depressor
nucleus. The strain that carries rgIs3 [Plev-11: G-CaMP; Plev-11:
mDsRed] was used to facilitate the identiﬁcation of the anal
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depressor. After the laser-ablation, the worm was transferred back
onto NGM plates containing OP50. After entering the L3 or L4 stage,
the worms were imaged under the Zeiss Stemi SV11 dissecting
microscope. During the imaging, the worms were allowed to
crawl freely on OP50. The Simple PCI software (version 6.6.0.0.,
Hamamatsu, Bridgewater, NJ) was used to calculate the intestinal
area. A region-of-interest (ROI) was placed on the intestinal lumen
and the boundary of the ROI was adjusted, so that it was overlaid
with the intestinal lumen boundary. The number of pixels that were
encompassed within the ROI was measured by the software and
used as indicator of the intestinal lumen area.
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